Abstract: Mutant mice deficient in hyaluronan (HA) have an epileptic phenotype. HA is one of the major constituents of the brain extracellular matrix. HA has a remarkable hydration capacity, and a lack of HA causes reduced extracellular space (ECS) volume in the brain. Reducing ECS volume can initiate or exacerbate epileptiform activity in many in vitro models of epilepsy. There is both in vitro and in vivo evidence of a positive feedback loop between reduced ECS volume and synchronous neuronal activity. Reduced ECS volume promotes epileptiform activity primarily via enhanced ephaptic interactions and increased extracellular potassium concentration; however, the epileptiform activity in many models, including the brain slices from HA synthase-3 knockout mice, may still require glutamate-mediated synaptic activity. In brain slice epilepsy models, hyperosmotic solution can effectively shrink cells and thus increase ECS volume and block epileptiform activity. However, in vivo, the intravenous administration of hyperosmotic solution shrinks both brain cells and brain ECS volume. Instead, manipulations that increase the synthesis of high-molecular-weight HA or decrease its breakdown may be used in the future to increase brain ECS volume and prevent seizures in patients with epilepsy. The prevention of epileptogenesis is also a future target of HA manipulation. Head trauma, ischemic stroke, and other brain insults that initiate epileptogenesis are known to be associated with an early decrease in high-molecular-weight HA, and preventing that decrease in HA may prevent the epileptogenesis.
Introduction
The extracellular matrix (ECM) of the brain resides in the narrow spaces between the cells. The key feature of brain ECM is the abundance of hyaluronan (HA) and HA-binding proteoglycans, which are synthesized by both neurons and glia ( Figure 1 ). In the past few years, increasing attention has been focused on the role of matrix molecules in the regulation of physiological functions in the adult brain. In a recent paper (Arranz et al., 2014) , we investigated the role of HA using mutant mice deficient in each of the three HA synthase (HAS) genes (Has1, Has2, and Has3). Interestingly, we found that all of these mutant mice developed spontaneous epileptic seizures, with Has3 knockout (KO) mice exhibiting the strongest phenotype ( Figure 2A ). Our multidisciplinary analyses revealed that deficiency of HA results in a reduction in the volume of the extracellular space (ECS) in the hippocampal CA1 pyramidal cell body layer (Figure 2B and C) , and our experiments pointed to a causal relationship between this reduced ECS volume and epileptiform activity.
In this review, we will discuss HA, brain ECS, and epilepsy and focus on the causal relationship between reduced HA and reduced ECS volume and between reduced ECS volume and epilepsy. To wrap up the review, we will speculate about potential antiepileptic therapies targeted at increasing ECS volume, with a focus on increasing HA in the brain.
vertebrates and is composed of unbranched, repeating disaccharide units of N-acetylglucosamine (GlcNAc) and glucuronic acid (GlcUA; . In normal physiological conditions, a single HA chain can be 2000-25 000 disaccharides long, with a molecular mass of 10 6 -10 7 Da and an extended length of 2-25 μm (Toole, 2004) . The carboxyl groups on GlcUA residues are negatively charged under physiological conditions, making HA polyanionic. In dilute solutions of HA, each HA molecule takes on a coillike shape similar to a contracted fourfold helix (Almond et al., 2006) and occupies a very large volume due in part to mutual repulsion between the carboxyl groups (Balazs, 1974; Toole, 2004) . The hydroxyl, carboxyl, and amido groups on HA can form hydrogen bonds with groups on the adjacent saccharide in the chain or with water; a single water molecule or a dimer of water molecules can form a water bridge between adjacent saccharides in the chain ( Figure 3A ; Almond, 2005; Almond et al., 2006; Prusova et al., 2010a) . The intramolecular hydrogen bonds can dynamically interchange with hydrogen bonds to water, which lends some flexibility to the HA chain ( Figure 3B ; Almond et al., 2006; Almond, 2007) . In concentrated solutions of HA, the individual strands of HA intertwine and form a meshwork (Toole, 2004) ; furthermore, two different HA molecules can form hydrogen bonds with the same water molecule, lending additional structure to the HAwater solution (Prusova et al., 2010a) .
Distribution
HA is a major component of extracellular matrices, and it is ubiquitous in various organs and tissues. In mammals, the highest HA concentrations are found in connective tissues such as the skin, synovial fluid, umbilical cord, and the vitreous body. In addition, notable amounts are present in the brain, lungs, kidneys, and muscles (Fraser et al., 1997) . In the adult brain, HA is widely distributed throughout the ECS (Figure 1 ), but it is particularly found surrounding neuronal cell bodies, forming perineuronal nets (PNNs; Figure 4 ), and localized around myelinated fibers (Sherman et al., 2002) .
HAS and biosynthesis of HA
HA belongs to the family of glycosaminoglycans, which also includes chondroitin sulfate, heparan sulfate, and keratan sulfate. The synthesis of all glycosaminoglycans other than HA requires multiple different enzymes. That synthesis begins with the enzymatic attachment of the initiating saccharide to a serine residue on a core protein in the endoplasmic reticulum or Golgi complex (Uyama et al., 2007) . The core protein then translocates through the Golgi complex, where the growing saccharide chain is selectively epimerized and sulfated (Uyama et al., 2007) . The core protein with glycosaminoglycans (A) Schematic of ECM around a brain cell. HA provides a backbone to which some other ECM components, such as lecticans, are attached. HA is extruded into the ECS as it is synthesized, and can remain attached to the cell via the HAS or can bind to HA receptors on the cell surface, such as CD44. Some HA appears to be free floating in the ECS. Reprinted with permission from Galtrey and Fawcett (2007) . (B) Electron micrograph of rat neocortex. The ECS is labeled red. Scale bar, 1 μm. Adapted with permission from Nicholson and Syková (1998). attached is then secreted into the ECS. In contrast, HA synthesis requires only a single enzymatic step, mediated by HAS. HA is synthesized at the inner surface of the plasma membrane by HAS and directly extruded into the ECS as a chain of disaccharides, without epimerization or sulfation (Weigel, 2015) . Vertebrate animals possess three HAS, namely, HAS1, HAS2, and HAS3, which are encoded by independent genes. All HAS proteins are multipass transmembrane proteins that are believed to form a pore in the plasma membrane, through which nascent HA is extruded as it is polymerized. Each HAS possesses dual N-acetylglucosaminyltransferase and glucuronyltransferase activities, and the enzymatic active sites are located in a major intracellular loop (DeAngelis and Weigel, 1994; Weigel, 2015) .
The creation of Has KO mice has made significant contributions to our understanding of the role of HA in development. The lack of the Has2 gene leads to embryonic lethality at E9.5 to E10 due to cardiac and vascular abnormalities (Camenisch et al., 2000) . In contrast to Has2 KO mice, Has1 and Has3 mutants are viable and fertile. The expression patterns of the three HAS enzymes vary during development (Spicer and McDonald, 1998; Tien and Spicer, 2005) . Northern blot analysis of whole mouse embryos (Spicer and McDonald, 1998) reveals that HAS1 and HAS2 transcripts are expressed at E7.5, but then HAS1 mRNA decreases to marginally detectable levels, whereas HAS2 mRNA has increased by E11.5 and remains high thereafter. HAS3 expression, in contrast, is undetectable in the mouse embryo before E10.5, detected in just a few locations at E10.5 and E12.5, and detected more strongly and widely from E15.5 onward (Spicer and McDonald, 1998; Tien and Spicer, 2005) . In adult mouse brain tissue, HAS1 is weakly expressed, whereas HAS2 and HAS3 are expressed at higher levels (Spicer and McDonald, 1998; Tien and Spicer, 2005) .
Hyaluronidases and degradation of HA
HA is degraded by a set of catabolic enzymes known as hyaluronidases. In humans, there are six hyaluronidase genes in the HYAL family, including one pseudogene, arranged in two sets of three contiguous genes located on two chromosomes (Csoka et al., 2001) . The cluster on chromosome 3p21.3 is composed of HYAL1, HYAL2, and HYAL3, and the cluster on chromosome 7q31.3 consists of HYALP1, HYAL4, and SPAM1. These genes encode hyaluronidases with different properties and cellular locations. Other than the HYAL family of molecules, two putative hyaluronidases, which are thought to act in the ECS, have been identified. The first is the cell migration-inducing HA-binding protein (CEMIP), also known as KIAA1199, which is a secretory protein that has HA-binding and HA-degrading activities (Yoshida et al., 2013) . More recently, transmembrane protein 2 (TMEM2) has been identified as a novel cell-surface hyaluronidase (Yamamoto et al., 2017) . TMEM2 is a type II transmembrane protein and its hyaluronidase activity resides in its extracellular domain. With regards to hyaluronidases in the brain, mRNA for HYAL3 was detected in brain tissue via Northern blot analysis (Csoka et al., 1999) , and HYAL2 expression was recently revealed in endothelial cells of blood vessels in the brain and in ciliated epithelial cells of the choroid plexus using immunohistochemistry (Chowdhury et al., 2016) . In addition, transcripts of both TMEM2 and CEMIP are present in the adult mouse brain (Yamamoto et al., 2017) .
HA degradation occurs both locally and after transport by lymph to lymph nodes and by blood to the liver and spleen (Fraser et al., 1997; Jadin et al., 2012) . It has been estimated that 20%-30% of HA degradation is local in tissues such as skin and joints (Fraser et al., 1997) . Whether locally or after transport of the HA, hyaluronidases at the cell surface start degrading the HA chains. Then, cell-surface receptors, most importantly the HA receptor for endocytosis (HARE; Zhou et al., 2002) , interact with HA fragments in the ECS and internalize them. After endocytosis, HA fragments are transported to lysosomes that contain hyaluronidases for complete degradation to monosaccharides. (A) Top, HA trisaccharide GlcNAc-GlcUA-GlcNAc shown with predicted intramolecular hydrogen bonds (with % occupancy) and water bridges. Bottom, stereo image of a water molecule bridging the amide of GlcNAc and the carboxyl of GlcUA. Reprinted with permission from Almond (2005) . (B) Molecular dynamics simulations were used to construct 25 likely conformations in solution of an HA chain with 50 sugar residues. The molecules were overlaid on the central two sugar residues. The star indicates a relatively straight portion of a chain that exhibits a fourfold helical structure. Reprinted with permission from Almond et al. (2006) .
HA turnover and formation of HA-rich pericellular coats
There is a dynamic balance between HA synthesis and degradation in the body. The half-life of HA in the blood is brief (2-5 min), and the half-life of HA in tissues in the mature animal ranges from several hours (skin, synovial fluid; Brown et al., 1991; Laurent and Fraser, 1991) to 2 or 3 days according to Fraser et al. (1997) . As far as we know, the HA turnover rate per se in normal brain tissue has not been reported (but see the information on PNN turnover below). HA levels are locally regulated during development and regeneration via the regulation of HAS and hyaluronidases (e.g. Toole and Trelstad, 1971; Brecht et al., 1986; Contreras et al., 2009 ). In addition, tissue injury can cause a fast increase in HA, which is due to increased HAS activity; for example, an HA increase was measured within 15 min after tissue injury in a rat keratinocyte organotypic culture model (Monslow et al., 2009) .
Surrounding many cells that are undergoing differentiation or division, there is an HA-rich hydrated zone, or coat, typically 5-10 μm thick, which is critical to the differentiation or division process (Toole, 2001) . In cell culture, this HA-rich pericellular coat can be visualized by the particle exclusion method (Underhill and Toole, 1982) . The HA-rich coat can form quickly; for example, the coat forms within 14 min on vascular smooth muscle cells in culture immediately before mitotic cell rounding (Evanko et al., 1999) . The HA-rich coat is apparently created because HA molecules extruded into the ECS can remain attached to the HAS that synthesized them, tethering them to the cell (Heldin and Pertoft, 1993; Evanko et al., 1999) . Additionally, HA-rich coats can also be created by HA binding to the cell-surface receptor CD44 (Qu et al., 2014; Siiskonen et al., 2014) .
Function of HA in the central nervous system (CNS)
Numerous functions have been associated with HA. Some can be attributed to its ability to generate cell-free spaces upon hydration (see later section), some to its signaling via cell-surface receptors (see below in this section), and others to its ability to organize and modify the overall structure of the ECM surrounding cells.
In the CNS, HA is a major component of the ECM and PNNs (Figures 1 and 4) . PNNs are specialized, meshlike, ECM structures that form around certain neuronal cell bodies and proximal dendrites, leaving holes in the mesh at the sites of synaptic boutons (Oohashi et al., 2015) . The major matrix components of PNNs include HA and chondroitin sulfate proteoglycans, such as the lecticans (brevican, neurocan, versican, and aggrecan) and phosphacan, along with tenascin-R and various link proteins (Yamaguchi, 2000; Deepa et al., 2006) . In the neocortex and hippocampus, PNNs are primarily associated with parvalbumin-positive GABAergic inhibitory interneurons ( Figure 4A ; Celio, 1993; Celio and ChiquetEhrismann, 1993 ), but they are present around various types of excitatory and inhibitory neurons throughout the CNS (Frischknecht and Gundelfinger, 2012) . PNNs play an important role in synaptic stabilization and plasticity. For example, the disruption of PNNs restores ocular dominance plasticity in the adult visual cortex ( Pizzorusso et al., 2002) and facilitates recovery from early monocular deprivation (Pizzorusso et al., 2006) . In addition, the creation of PNNs seems to be directly involved in closing the critical period in barrel cortex (McRae et al., 2007; Nowicka et al., 2009) . Furthermore, damage to the peripheral vestibular labyrinth of adult rats causes PNN reduction in the lateral vestibular nuclei of the brainstem in conjunction with remodeling of afferents followed by the restoration of PNNs when vestibular compensation is complete (Faralli et al., 2016) . In that study, it was shown that PNNs break down over the first 3-6 days and have recovered significantly by day 12 and completely by day 24 (Faralli et al., 2016) .
Other potential roles of HA in the brain are related to its ability to signal through specific cell-surface receptors, such as CD44 and RHAMM. There are multiple CD44 isoforms that arise by alternative splicing, but all forms contain the HA-binding domain within their primary sequence (Thorne et al., 2004) . CD44 expression occurs in glia and some neurons, and HA-CD44 interactions are involved in glial cell differentiation and migration and in posttraumatic brain repair (Dzwonek and Wilczynski, 2015) . RHAMM, the receptor for HA-mediated motility, is alternatively spliced as well, and the different forms of the resulting protein are widely found both intracellularly and on the surface of neurons and glia (Lynn et al., 2001a,b) . HA-RHAMM interaction has been implicated in astrocyte and microglial motility and in neurite extension (Turley et al., 1994; Nagy et al., 1995) .
HA and its associated molecules are involved in other important processes in the CNS as well. In many cases, the role of HA has been examined using exogenous hyaluronidase to enzymatically digest the HA in the ECM. For example, Förster et al. (2001) showed that hyaluronidase treatment disrupts axonal fiber segregation in organotypic slice cultures of the hippocampus. In addition, hyaluronidase treatment increases the lateral diffusion of AMPA-type glutamate receptors in the cell membranes of cultured primary hippocampal neurons and reduces paired pulse depression (Frischknecht et al., 2009 ). Hyaluronidase application to hippocampal brain slices reduces the activation of voltage-gated L-type calcium channels and reduces long-term potentiation (LTP; Kochlamazashvili et al., 2010) . Furthermore, disruption of the ECM in the hippocampus or medial prefrontal cortex with both hyaluronidase and chondroitinase results in impaired fear conditioning (Hylin et al., 2013) . Although it has several advantages, the application of hyaluronidase has its limitations. Perhaps most importantly, commercially available hyaluronidases contain other contaminating enzymatic activities, such as chondroitinase and protease; for example, mammalian testicular hyaluronidase preparations invariably possess chondroitinase activity. In addition, exogenous hyaluronidase will create HA digestion products, which themselves can have biological activity (Sherman et al., 2015) . Rather than using hyaluronidase, our group took a genetic approach to investigate the role of HA in the CNS (Arranz et al., 2014) . We showed that the genetic ablation of HA synthesis is epileptogenic: mutant mice deficient in Has genes, especially Has3 KO mice, exhibit epileptic seizures and altered neuronal activity in the hippocampus. Moreover, these Has3 KO mice showed a significant reduction of both HA and ECS volume in the CA1 stratum pyramidale (SP), suggesting that this epileptic phenotype is likely caused by a reduction in brain ECS volume (Arranz et al., 2014) .
Brain ECS
The ECS is a system of contiguous narrow spaces demarcated by cellular membranes, and it resembles by electron microscopy a syncytium of continuous channels separating the outer membranes of neurons, glia, and vascular elements ( Figure 1B ). Individual intercellular channels are only about 30-60 nm wide (Thorne and Nicholson, 2006; Xiao et al., 2008) , and they are filled with ionic solution and macromolecules of the ECM, predominantly proteoglycans and glycosaminoglycans. The ECS facilitates the transport of neurotransmitters, neuromodulators, nutrients, metabolites, and therapeutics. The ECS also provides a reservoir of ions that are essential for neuronal activity. Substances released into the ECS spread predominantly by diffusion because the ECS lacks any active transport mechanism.
Diffusion can be exploited experimentally to quantify the macroscopic properties of the ECS in live brain tissue. Diffusion experiments employing small extracellular probe molecules quantify two parameters of the ECS structure: volume fraction and diffusion permeability. The volume fraction (α) represents the proportion of tissue volume occupied by the ECS. Diffusion permeability (θ) quantifies the hindrance imposed on the diffusion process by the tissue relative to an obstacle-free medium. θ is defined as the ratio of the effective diffusion coefficient in brain tissue (D*, cm (Nicholson and Phillips, 1981; Nicholson, 2001 ). In the isotropic healthy brain, α is about 0.2 (i.e. about 20% of brain tissue volume resides in the ECS) and θ is about 0.4 (i.e. diffusion of a small extracellular probe molecule in brain tissue is slowed down about 2.5 times; Syková and Nicholson, 2008) . These two ECS parameters are typically obtained with the real-time iontophoretic (RTI) method (Nicholson and Phillips, 1981) , in which an extracellular probe molecule, such as the small cation tetramethylammonium (TMA; 74 MW), is iontophoretically released from a point source and detected with an ion-selective microelectrode positioned about 100-200 μm away. The RTI method has been used to quantify α and θ in brain tissue under physiological control conditions and in animal models of neurological disorders (for review, see Syková and Nicholson, 2008) .
The structure of brain ECS dynamically changes during various physiological conditions such as neuronal activation, sleep, and osmotic challenge (Syková and Nicholson, 2008; Xie et al., 2013) . A recent study from Nedergaard's group (Xie et al., 2013) reported that ECS constricts (α decreases) during an awake state and widens during the sleep state, and hypothesized that the enlargement during sleep is necessary for the removal of toxins and metabolites from brain tissue. The ECS structure also changes, often permanently, during pathological conditions, such as brain trauma and disease. For example, diffusion is significantly hindered and the volume of the ECS is reduced in many neuropathological states associated with cellular edema (Syková and Nicholson, 2008) .
A growing body of work indicates that the ECM plays a significant role in the control of ECS properties. For example, the genetic ablation of the glycoprotein tenascin-R reduces α in the cortical and hippocampal regions (Syková et al., 2005) , whereas the genetic ablation of the link protein Bral-1 decreases θ in the white matter (Bekku et al., 2010) . Furthermore, our group (Arranz et al., 2014) showed that the absence of HA reduces α in the SP of the CA1 region of the hippocampus in Has3 KO mice (see below).
Evidence for reduced ECS in Has3 KO mice
Histological analysis of the forebrain of Has3 KO mice using biotinylated hyaluronic acid binding protein (HABP) revealed a pronounced reduction in the level of HA in the hippocampus proper ( Figure 2B ; Arranz et al., 2014) . This was in contrast to wild-type (WT) mice, in which the hippocampus proper showed the most intense expression of HA. We also noticed that cell bodies in the CA1 SP, but not the CA3 SP, of Has3 KO mice appeared to be more tightly packed than in WT mice ( Figure 2B ). Morphometric analysis in both fixed hippocampal sections (processed by an ECS-preserving fixation method; Cragg, 1980) and live slices revealed that the thickness of the CA1 SP was decreased by nearly 15% in the Has3 KO mice compared to WT mice. Further inspection of the CA1 SP in fixed sections showed 15% higher cell density in Has3 KO mice compared to WT mice but no difference in the number of pyramidal cells or their size. Taken together, our histological studies suggested that a pronounced HA deficiency in Has3 KO mice causes a reduction in the size of the ECS in CA1 SP.
Even under normal conditions in the rat brain, the CA1 SP has significantly lower ECS volume than the two neighboring layers, stratum oriens (SO) and stratum radiatum (SR; McBain et al., 1990; Saghyan et al., 2012) . Saghyan et al. (2012) showed that the diffusion of substances across the SP is significantly hindered because of lower α and lower θ in this layer in comparison to adjacent SR and SO. To determine the impact of HA deficiency in Has3 KO mice on ECS properties in the CA1 SP, we designed two experiments to study ECS properties in the CA1 region of brain slices taken from Has3 KO mice (Arranz et al., 2014) . First, we imaged spread of fluorophore-labeled dextran (which is confined to the ECS) through the CA1 SP after its release in the SR. Second, we employed the RTI method (Nicholson and Phillips, 1981) with multilayer analysis (Saghyan et al., 2012) to quantify ECS α and θ ( Figure 2C ). The imaging experiment revealed a significant reduction in dextran spread across the CA1 SP in Has3 KO mice, and the RTI experiment found a 40% reduction in α in the CA1 SP of Has3 KO mice in comparison to WT mice, without significant change in θ. Taken together, our diffusion analyses confirmed that there was a significant reduction of ECS volume in the CA1 SP in Has3 KO mice.
Why might the absence of HA cause reduced ECS volume?
Our study in Has3 KO mice provided the first evidence for the physiological role of HA in the maintenance of brain ECS volume. However, HA has been known to play a role in maintaining cartilage volume for some time (Servaty et al., 2001 ). In addition, HA is widely used as a cosmetic for plumping skin and minimizing wrinkles (Kablik et al., 2009; Pavicic et al., 2011) . Those attributes of HA are due to its remarkable hydration capacity. There are three shells of water extending from the surface of a molecule of HA (Prusova et al., 2010b) . The first shell is composed of bound water, which is also called nonfreezing water because it is so strongly bound to HA that it cannot crystallize when cooled down (Prusova et al., 2010a,b) . There are 8 to 17 bound (nonfreezing) water molecules per HA disaccharide unit (Prusova et al., 2010b) . The second shell is composed of partially bound water, which is also called freezing-bound water. This water freezes, but at a lower temperature than bulk water (Prusova et al., 2010b) . Liu and Cowman (2000) , using differential scanning calorimetry data, calculated that there is 73 times more freezing-bound water than nonfreezing water associated with each HA disaccharide unit. The third shell is composed of free water. The mobility of the water in the third shell is hindered somewhat by its interaction with the water of the second shell (Prusova et al., 2010a) , but it freezes at approximately 0°C (Prusova et al., 2010b) .
HA is synthesized by the HAS that are situated in the cell membrane, and as it is being synthesized, it is exuded through a pore in the enzyme into the ECS (Weigel, 2015) . As it enters the ECS, the HA molecule imbibes water and expands (Toole, 2001) . Based on observations of proliferating and migrating cells and on the association between HA extrusion and cell proliferation/migration, it has been hypothesized that this expansion of the HA molecule in the ECS can actually push cells and fibrous barriers away from the cell that is extruding the HA, creating cell-free space (Toole, 2001 (Toole, , 2004 . Based on the hydration capacity of HA and its ability to create cell-free space, it was not surprising that the absence of HA in the Has3 KO mice resulted in reduced volume of the brain ECS and more tightly packed cell bodies in the CA1 region of the hippocampus (Arranz et al., 2014) .
Epilepsy
Has3 KO mice have epilepsy (Figure 2A ). Epilepsy is a disorder in which the brain experiences recurrent, abnormal, synchronous, excitatory activity of a population of neurons, which manifests as behavioral seizures. The location of this abnormal activity and its degree of spread determine the behavioral phenotype of each seizure. Epileptic activity recorded in temporal lobe epilepsy in vivo can be divided into ictal activity and interictal activity. Ictal activity is the abnormal synchronous activity that occurs during a behavioral seizure. There is also abnormal synchronous activity that occurs when an epileptic person or animal is not having a seizure; these events are too short to cause a behavioral seizure and are termed interictal, to indicate that they occur during the time period between seizures. When recording epileptiform activity in vitro, it is the duration, and sometimes also the pattern, of the epileptiform event that is used to classify it as 'ictal-like' or 'interictal-like' (e.g. Salah and Perkins, 2011) . Epileptiform activity is generally considered to be dependent on chemical synaptic transmission (but see sections below for exceptions). Temporal lobe epilepsy is a common type of epilepsy, and abnormal activity in the hippocampus is often involved. In the hippocampus, the population of synchronously active cells that generate an epileptiform event are typically glutamatergic principal neurons -pyramidal cells in the CA1 or CA3 regions or granule cells in the dentate gyrus.
ECM disruption and epilepsy
There have been mixed results in experiments testing the effect of ECM disruption on neuronal excitability and seizure susceptibility. For example, mice deficient in the ECM glycoprotein tenascin-R show increased neuronal excitability in the cortex and hippocampus (Brenneke et al., 2004; Gurevicius et al., 2004) but not increased susceptibility to seizures (Brenneke et al., 2004) ; in fact, kindling progression is actually retarded in tenascin-Rdeficient mice (Hoffmann et al., 2009) . In contrast, an early study involving the injection of hyaluronidase into the right lateral ventricle of the brain of cats resulted in epileptiform activity on EEG (Young, 1963) . In our study (Arranz et al., 2014) , Has3 KO mice showed both ictal and interictal activities on EEG, and the ictal activity was coincident with behavioral seizures.
Atypical features of the epileptiform activity in brain slices from Has3 KO mice
Somewhat surprisingly, brain slices made from Has3 KO mice show epileptiform activity without manipulation. The most prevalent activity is rhythmic interictal-like activity, but the slices also show occasional ictal-like events that are several seconds long. This spontaneous activity in the Has3 KO slices is surprising because typically, when brain slices are made from brain tissue from patients with intractable epilepsy or from rodents with spontaneous seizures, the brain slice does not have spontaneous epileptiform activity (e.g. Avoli et al., 1995) or else has spontaneous interictal-like activity but not spontaneous ictal-like activity (Köhling et al., 1998; Huberfeld et al., 2007; Le Duigou et al., 2008) . Typically, some manipulation is required in order to induce epileptiform activity in these brain slices (Avoli et al., 1987; Avoli and Olivier, 1989; Gabriel et al., 2004; Le Duigou et al., 2008) .
The CA1 region of the hippocampus is the site of the epileptiform activity in brain slices from Has3 KO mice. In contrast, the CA3 region of the hippocampus is the driver of spontaneous epileptiform activity in many in vitro epilepsy models. Compared to the CA1 region, the CA3 region has far more recurrent excitatory connections among pyramidal cells, which have been shown to promote synchronization (Traub and Wong, 1982) . In these models, cutting the Schaffer collateral pathway or excising the CA3 region typically blocks spontaneous, rhythmic epileptiform activity in the CA1 region (Schwartzkroin and Prince, 1978; Miles et al., 1984; Walther et al., 1986; Mody et al., 1987; Traynelis and Dingledine, 1988; Perreault and Avoli, 1992) . In contrast to these models in which the CA3 region acts as the 'pacemaker' for epileptiform activity, brain slices from Has3 KO mice show very little or no synchronous activity in the CA3 region and yet simultaneously exhibit robust, rhythmic, ionotropic glutamate receptor-dependent, interictal-like events and occasional ictal-like events in the CA1 region (Arranz et al., 2014) . In addition, this epileptiform activity in the CA1 region is unaffected by the removal of the CA3 region, which shows that intact excitatory connections from the CA3 region to the CA1 region are not necessary for the expression, or even the rhythmic triggering, of epileptiform activity in the CA1 region of Has3 KO mice (Arranz et al., 2014) .
Ictal-like activity in the CA1 region of hippocampal slices -susceptibility caused by small ECS volume?
Although it is true that the CA3 region tends to be the pacemaker for rhythmic epileptiform activity in the hippocampus, the CA1 region may be more likely to generate longer epileptiform events. Typically, the individual epileptiform events recorded in the CA3 region of hippocampal slices are less than 1 s long, which makes them more akin to interictal activity than to the longer ictal events that underlie behavioral seizures. Notably, many published recordings of ictal-like events in the CA regions of hippocampal slices from adult animals are from the CA1 region, not the CA3 region (Jensen and Yaari, 1988; Karnup and Stelzer, 2001; Bikson et al., 2002; Ziburkus et al., 2006; Jiruska et al., 2010) . Even when the CA3 region is acting as the pacemaker, the epileptiform events may be more ictal-like in the CA1 region, as in the high K + model (Traynelis and Dingledine, 1988) . Why is the CA1 region prone to ictal-like activity? Could it be because CA1 has a smaller ECS volume than CA3, thus enhancing the nonsynaptic mechanisms of synchronization? Indeed, McBain et al. (1990) used the RTI method (Nicholson and Phillips, 1981) to show that the CA1 SP has a lower α than the CA3 SP (0.12 vs. 0.18). Further supporting this hypothesis, nonsynaptic mechanisms of synchronization that are enhanced in conditions of reduced ECS volume have been identified, as detailed in the next section.
Nonsynaptic mechanisms of epilepsy that might be enhanced in conditions of reduced ECS volume
Epileptiform activity is generally considered to be dependent on chemical synaptic transmission, but there is ample evidence that nonsynaptic mechanisms also play a role; there are even instances in which synchronous excitatory activity has been recorded in the absence of chemical synaptic transmission (see next section). Reduced ECS may amplify the contribution of nonsynaptic mechanisms. Nonsynaptic mechanisms that have been proposed to play a role in enhancing epileptiform activity are (1) build up of extracellular K + , (2) ephaptic interactions/field effects, and (3) gap junctions (electrical synapses).
Build up of extracellular K

+
Seizure activity causes K
+ to leave cells and build up in the ECS (Fertziger and Ranck, 1970) , plateauing at a concentration of 8-11 mm in the neocortex (Lux, 1974; Moody et al., 1974; Sypert and Ward, 1974; Fisher et al., 1976; Machado et al., 2016) and 5-10 mm in the CA1 pyramidal cell layer in the hippocampus in vivo (Fisher et al., 1976 (Hablitz and Lundervold, 1981; Wang et al., 2016) , induce seizures in vivo (Zuckermann and Glaser, 1968) , and induce ictallike activity in the CA1 region of the hippocampus in vitro (Traynelis and Dingledine, 1988 ] o to 5 to 10 mm can make postsynaptic cells more excitable by depolarizing them so that they are closer to firing threshold (Hablitz and Lundervold, 1981; Balestrino et al., 1986; cf. Rausche et al., 1990) . This build-up of extracellular K + can also increase transmitter release in response to action potential invasion of the axon terminal (Hablitz and Lundervold, 1981) .
o (10 mm) also potentiates the persistent Na + current in CA1 pyramidal cells, providing a sustained depolarization that would be expected to enhance ictallike activity (Somjen and Müller, 2000) . An additional contributing mechanism may be a reduction in the efficacy of GABA-mediated inhibition caused by a depolarizing shift in the reversal potential of GABA A -mediated inhibitory postsynaptic potentials caused by a high [K + ] o -induced suppression or reversal of the K + /Cl − cotransporter KCC2 (Korn et al., 1987; Thompson and Gähwiler, 1989; DeFazio et al., 2000; Bihi et al., 2005) . In summary, lower ECS volume will have a concentrating effect on K + released from firing cells and thus may be expected to promote epileptiform activity.
Ephaptic interactions/field effects
Ephaptic interactions/field effects are also expected to be enhanced in circumstances of reduced ECS volume (reviewed by Weiss and Faber, 2010) . In these conditions, cells are closer to one another, which increases the likelihood that a depolarization in one cell will affect a neighbor. In addition, reducing ECS volume increases extracellular resistance. After current leaves a depolarized cell, it will preferentially take the paths of least resistance and thus will typically primarily travel in the ECS (Figure 5A, top) . If extracellular resistance is higher than usual, a greater proportion of the current will instead travel across the membrane of neighboring cells and cause a depolarizing voltage deflection in those neighboring cells, which may cause them to fire ( Figure 5A , middle). The shape and layout of neurons in the CA1 hippocampus, in which pyramidal cells are densely packed and their long apical dendrites are oriented in parallel, makes this region particularly susceptible to field effects. Indeed, applied electrical fields were able to entrain the population activity in the CA1 region at an order of magnitude weaker field intensity than that required to do the same in the CA3 region (Francis et al., 2003) . Durand et al. demonstrated via computer simulation and hippocampal slice experiments that epileptiform events not only can propagate across the slice using field effects but also propagate faster when cell membranes of neighboring cells are closer together (Zhang et al., 2014; Qiu et al., 2015) .
Gap junctions
Gap junctions between neurons allow the synchronization of activity in a population of cells (Bennett and Zukin, 2004) . The best characterized neuronal gap junctions are among GABAergic interneurons (Fukuda, 2007) , but there is some evidence of gap junctions between glutamatergic cells in the brain (Hamzei-Sichani et al., 2007) . As far as ECS volume is concerned, it is not outrageous to suggest that bringing cell membranes of adjacent neurons close together in a condition of reduced ECS might increase the formation of gap junctions between them. In fact, new gap junctions do seem to form between astrocytes in a condition of reduced ECS volume (hypo-osmolar solution; Scemes and Spray, 1998) ; however, there is no evidence that we are aware of that a similar phenomenon occurs in neurons.
Role of ECS volume and nonsynaptic mechanisms in epilepsy
Synchronous excitatory activity in the CA1 region in the low Ca 2+ model
The foremost model in which epileptiform activity can be recorded in the absence of synaptic transmission is the low extracellular Ca 2+ concentration ([Ca 2+ ] o ) model. This model is relevant because (1) hypocalcemia can cause seizures in humans (Tsai et al., 2009; Kinoshita et al., 2010; Milman and Epstein, 2010; Singh et al., 2016) , (2) [Ca 2+ ] o is known to fall during an ictal event (Heinemann et al., 1977) , and (3) examining the model can shed light on nonsynaptic mechanisms involved in epilepsy, particularly on the contribution of reduced ECS volume. In this model, which has several variations, spontaneous synchronous activity can occur among CA1 pyramidal cells of the hippocampus during the complete block of synaptic transmission (Jefferys and Haas, 1982; Taylor and Dudek, 1982; Yaari et al., 1983; Dudek et al., 1990; Jiruska et al., 2010) . Simulation experiments show that if cells display sufficiently high excitability, then that feature, in the presence of a sufficiently high extracellular resistance, can enable the synchronization of a population of neighboring cells via ephaptic interactions (Traub et al., 1985) . The CA1 pyramidal cells in these low [Ca 2+ ] o experiments exhibit enhanced excitability in response to membrane depolarization, and spontaneous firing in these neurons tends to be as multiple rather than single action ] o will increase cell excitability and enhance the persistent Na + current, which, in this condition of enhanced ephaptic interactions, will enable the recruitment of a larger population and allow ictal-like events to occur.
(The view is zoomed out. The drawn voltage trace applies for all of the cells.) (B) Actual voltage traces recorded in the CA1 region of a Has3
−/− brain slice. Top trace is an intracellular recording from a single pyramidal cell. Bottom trace is a simultaneous recording of the population field potential. The tiny interictal-like events (arrows) are occurring in a population of cells that does not include the neuron from which the intracellular recording is taken. However, the large, ictal-like event recruits a larger population of neurons, including the one from which the intracellular recording is taken. Panel B is modified from Figure 4C in Arranz et al. (2014) .
potentials (Taylor and Dudek, 1982; Su et al., 2001 ). Low [Ca 2+ ] o is thought to increase cellular excitability primarily by reducing the charge screening at the outer surface of the cell membrane (Hille, 2001) ; however, the presence of extracellular Mn 2+ in the experiments of Taylor and Dudek (1982) points to an alternate or additional mechanism of enhanced excitability, probably explained by the increase in persistent Na + current that occurs in low Ca 2+ solutions, even when the Ca 2+ is replaced with Mn 2+ (Su et al., 2001; Shuai et al., 2003; Golomb et al., 2006 (Yaari et al., 1986) .
Investigations using this low [Ca 2+ ] o model showed that low osmolar solution increased the epileptiform activity even in the presence of antagonists of glutamatemediated synaptic transmission, and high osmolar solution blocked the epileptiform activity (Dudek et al., 1990; Roper et al., 1992) . The low osmolar solution is thought to have its effect by causing cells to swell, which reduces the volume of the ECS, bringing cell membranes of neighboring cells in closer proximity and increasing the resistivity of the ECS, which will both enhance ephaptic interactions. The high osmolar solution is thought to have its suppressive effect by causing cells to shrink, which increases the volume of the ECS. Interestingly, in the low [Ca 2+ ] o model, epileptiform activity is far more likely to occur in the CA1 region, which has a lower α, than in either the CA3 region or the dentate gyrus (Jefferys and Haas, 1982; Snow and Dudek, 1984; Roper et al., 1992) . Hypo-osmolar solution can actually convert the absent or weak epileptiform activity in the dentate gyrus into robust events that are very similar to those seen in the CA1 region (Roper et al., 1992) .
Role of ECS volume in other epilepsy models
In addition to investigations in the low calcium model, which were discussed above, changing the osmolarity of the extracellular solution has been used to investigate the effect of changes in ECS volume in multiple different in vitro epilepsy models that do require chemical synaptic transmission: the high K + (8.5 mm) model (Traynelis and Dingledine, 1989) , the low Mg 2+ model (Andrew et al., 1989; Shahar et al., 2009) , the 4-aminopyridine (4-AP) model (Zhang et al., 2014; Qiu et al., 2015) , and the low Mg 2+ + 4-AP model (Kilb et al., 2006) . Hypo-osmolar solution, which causes cells to swell and thus reduces ECS volume, enhances ongoing epileptiform activity in these models as evidenced by an increase in the magnitude of the epileptiform field potentials, the duration of ictal-like events, and/or the propagation speed of ictal-like events. Hyperosmolar solution, in contrast, suppresses epileptiform events or even blocks them altogether. Although osmolarity changes can also affect synaptic transmission (Somjen, 2004) , their effect on epileptiform activity is thought to be primarily mediated via a change in ECS volume, not an effect on synaptic transmission; this conclusion was reached largely for three reasons: (1) osmolarity changes had the same proconvulsant/anticonvulsant effects in the low Ca 2+ model (see above), in which epileptiform activity occurs independent of excitatory chemical synaptic transmission; (2) hypo-osmolarity boosts inhibitory as well as excitatory synaptic transmission (Huang and Somjen, 1997) ; and (3) the increase in spontaneous excitatory synaptic transmission occurs on a slower time scale than the increase in field potential magnitude (Saly and Andrew, 1993) . Somjen (2004) proposed that although ictal-length events may be initially triggered by chemical synaptic transmission, they depend on nonsynaptic mechanisms to reach ictal length; that is, they require a sustained active depolarization of the cell body along with ephaptic interactions or electrical synapses to provide synchronization. (Pumain et al., 1985) . Dingledine (1988, 1989) and Dudek et al. (1990) proposed a positive feedback loop between synchronous neuronal activity and reduced ECS volume: synchronous neuronal activity causes a reduction in ECS volume (see below), and reduced ECS volume enhances ephaptic interactions and the build-up of extracellular K + caused by neuronal activity, both of which are proconvulsant. ECS volume can be measured by measuring the concentration of an impermeant ion, or a decrease in ECS volume can be inferred from an increase in extracellular resistivity. Using the impermeant ion TMA, Dietzel et al. (1980) measured a reduction in ECS volume in cat sensorimotor cortex in vivo in response to neuronal activity triggered by an electrical stimulus. Traynelis and Dingledine (1989) recorded an increase in extracellular resistivity associated with epileptiform activity in vitro using the high K + model. Fox et al. (2004) measured increases in extracellular resistivity during epileptiform bursts using the low Ca 2+ model. By measuring the concentration of the impermeant ion tetraethyl ammonium (TEA), Buchheim et al. (1999) recorded a decrease in ECS volume coincident with epileptiform activity in three different models in hippocampal-entorhinal cortex slices -low Mg 
Dependence of ictal events on nonsynaptic mechanisms
Positive feedback loop between reduced ECS and epileptic activity
Neuronal activity causes a reduction in ECS volume presumably due to cell swelling
The reduction in ECS volume that is associated with neuronal activity is presumably due to cell swelling. There are several different proposed mechanisms underlying cell swelling caused by neuronal activity. In nearly all cases, the cell swelling is presumably due to water entering cells from the ECS via osmosis (but see below for a case of secondary active transport). Even at rest, neurons are at steady state, not at equilibrium. The steady state is maintained by the activity of the Na + /K + ATPase, which must pump out three Na + ions for every two K + ions pumped in. Without the pump activity, neurons would presumably swell, as other cells do, due to net entry of cations followed by water entry (Hoffmann and Simonsen, 1989) . During periods of heavy activity, an increased number of Na + ions enter the cell and an increased number of K + ions leave the cell. This increased movement of ions across the cell membrane necessitates increased activity of the Na + /K + ATPase to keep the cell at steady state, and thus increased demand for energy. If heavy activity depletes the ATP reserve so that the ATP-dependent Na + /K + pump cannot keep the cell at steady state, the cell will swell (Somjen, 2004 ). An additional mechanism of cell swelling may result from this increased demand for energy: the increased demand for energy results in increased intracellular metabolic breakdown of substances into a greater number of osmotically active particles (Dietzel et al., 1982) ; for example, ATP is broken down into ADP + inorganic phosphate, and then phosphocreatine supplies its phosphate to re-make the ATP, resulting in a net increase in unbound inorganic phosphate; water would then enter the cells via osmosis.
K + may play a key role in the cell swelling associated with neuronal activity. Dietzel et al. (1980) found a correlation between the rise in [K + ] o and the magnitude of the shrinkage of the ECS in the cat sensorimotor cortex in vivo. McBain et al. (1990) found that exposure of hippocampal slices to high [K + ] o caused a reduction in α in the pyramidal cell layer in CA1 even when the epileptiform activity in CA1 was blocked by cutting the Schaffer collateral pathway. Glial cell swelling may account for some of this [K + ] o -induced reduction in ECS volume (Dietzel et al., 1989; Østby et al., 2009 ). However, compared to neurons, glial cell bodies and processes make up only a minor volume of the pyramidal cell layer in the hippocampus (Ogata and Kosaka, 2002) ; therefore, it is controversial whether the swelling of glial cells could account for the reduction in ECS volume in the pyramidal cell layer (HajYasein et al., 2012) .
Glial cell swelling is associated with periods of high neuronal activity most likely because glial cells take up K + released from the neurons, and water follows the K + via osmosis (Dietzel et al., 1980 (Dietzel et al., , 1989 Walz, 2000) . Water may cross glial cell membranes via aquaporin 4 (AQ4), which forms water channels in the cell membrane. AQ4 is expressed in astrocyte cell membranes in the brain, particularly the astrocytes that abut capillaries (Jung et al., 1994; Nielsen et al., 1997) , but also including the astrocytes of the CA1 region of the hippocampus (Hsu et al., 2011) . The proposed mechanisms for glial cell swelling during neuronal activity include (1) K + entry through K + channels, particularly Kir4.1, followed by water entry through AQ4 (Nagelhus et al., 2004) ; (2) high [K + ] o -induced depolarization activating transmembrane ion transport via the Na + /HCO 3 − (NBC) cotransporter followed by water entry through AQ4 (Nagelhus et al., 2004) ; and (3) ion entry via the Na MacVicar et al., 2002; Su et al., 2002) accompanied by water entry through the same transporter Zeuthen and MacAulay, 2012) . The K + channel/AQ4 hypothesis has become less appealing after two recent papers, which showed that KO of Kir4.1 (HajYasein et al., 2011) or AQ4 (Haj-Yasein et al., 2012) had no effect on the reduction in ECS volume associated with neuronal activity. The proposed mechanisms of activityinduced cell swelling were also tested in a recent paper by Larsen et al. (2014) , who eloquently demonstrated cell swelling in cultured astrocytes in response to an isosmotic increase in [K + ] o , which was almost completely blocked by the NKCC antagonist bumetanide. In contrast, the same group showed that bumetanide had no effect on the shrinkage of ECS volume in the SR of the CA1 hippocampus caused by stimulus-evoked neuronal activity, nor did barium, which blocks the Kir4.1 K + channel (Larsen et al., 2014) , arguing against both the NKCC1 mechanism and the Kir4.1/AQ4 mechanism. The detailed modeling work done by Østby et al. (2009) suggests that increased activity of both the glial NKCC1 and NBC cotransporters accounts for the levels of ECS shrinkage observed in experiments. In that paper, the authors suggested that an increased activity of one of those two cotransporters may be able to compensate for the lack of the other.
As noted above, the pyramidal cell layer ECS is known to shrink in response to neuronal activity or high [K + ] o , yet glia occupy only a tiny fraction of the volume of that layer. If the reduction in the volume of the ECS in that layer is not due to glial swelling, it is presumably due to neuronal swelling, which would presumably be caused by water entry across the cell membrane. The mechanism by which water might cross neuronal cell membranes is unclear. Indeed, some data suggest that, in situ, an osmotic pressure difference across the cell membrane may cause water to enter glia but not neurons (Andrew et al., 2007; Risher et al., 2009 ). Thus far, aquaporins have not been found in the cell membranes of brain neurons, with the exception of the aquaglyceroporin AQ9, which has been found in catecholaminergic neurons and a few other neurons (Badaut et al., 2004; Mylonakou et al., 2009; Arciénega et al., 2010; Papadopoulos and Verkman, 2013) . It is possible that certain cotransporters and uniporters in the neuronal cell membrane provide a pathway for water entry. There are three types of water transport through cotransporters (e.g. NKCC1 and KCC4) or uniporters (e.g. GLUT1) that have been identified in nonneuronal cells: (1) passive water transport independent of transport of the primary substrate, (2) passive water transport dependent on the ongoing transport of substrate, (3) and secondary active water transport (MacAulay and Zeuthen, 2010) . Combining data from several papers, it may be true that most brain neurons in situ swell in response to a rise in [K + ] o but not in response to a moderate change in osmolarity (McBain et al., 1990; Andrew and MacVicar, 1994; Andrew et al., 1997 Andrew et al., , 2007 HajYasein et al., 2012) . Furthering that hypothesis, it is intriguing to consider the possibility that neuronal water entry occurs via a cotransporter protein and is dependent upon ongoing ion transport via that same cotransporter.
Mechanism of the generation of epileptic events in the Has3 KO mouse
As noted above, Has3 KO mice have reduced ECS volume in the CA1 pyramidal cell layer in the hippocampus. In addition, in slices of the hippocampus from these mice, epileptiform activity can be blocked by increasing ECS volume via exposure to hypertonic saline (Arranz et al., 2014) . Despite these features that suggest the involvement of nonsynaptic mechanisms, the epileptiform events can also be blocked by the AMPA/kainite receptor antagonist NBQX, indicating a requirement for glutamate-mediated synaptic transmission (Arranz et al., 2014) . However, as noted above, cutting off the CA3 region has no effect on the frequency of the epileptiform events recorded in the CA1 region of brain slices from Has3 KO mice (Arranz et al., 2014) , indicating that these epileptiform events are not triggered by CA3-driven glutamate release from Schaffer collaterals (cf. high K + model; Dingledine, 1988, 1989) . Interestingly, in slices of the hippocampus from WT mice, epileptiform activity can be induced by reducing ECS volume fraction via exposure to hypotonic saline, and the epileptiform activity in these slices is also independent from the CA3 region yet dependent on intact glutamate-mediated synaptic transmission (Arranz et al., 2014) .
This dependence on glutamate-mediated synaptic transmission but independence from the CA3 region presumably means that recurrent excitatory connections among CA1 pyramidal cells are required for some aspect of the generation of the epileptiform activity. Unlike the CA3 region, which shows many recurrent excitatory connections among pyramidal cells Wong, 1986, 1987; Christian and Dudek, 1988a) , there are only sparse recurrent excitatory connections among CA1 pyramidal cells (Christian and Dudek, 1988b; Deuchars and Thomson, 1996) . The fact that the CA1 region in WT slices also generates spontaneous epileptiform activity when exposed to hypotonic saline suggests that Has3 −/− brain slices do not have increased recurrent connections in the CA1 region that account for the epileptiform activity. Could it be that the reduced ECS itself is enhancing synaptic transmission? Reduced ECS would decrease the dilution of neurotransmitter in the synaptic cleft, which could be expected to enhance excitatory transmission. This mechanism is unlikely in Has3 KO mice, however, because the location of axon terminals of recurrent excitatory connections in the CA1 region is in the basal dendrites in SO (Deuchars and Thomson, 1996) , not in the pyramidal cell layer where the reduced ECS volume fraction is localized (Arranz et al., 2014) . Because the requirement is for ionotropic and not metabotropic glutamate receptors, presumably the glutamatergic transmission is needed for the trigger and/or synchronization mechanisms rather than to provide a sustained depolarization of the cell (see discussion in Salah and Perkins, 2008) . Figure 5A illustrates a possible mechanism for the generation of epileptic activity in the CA1 region of Has3 KO mice. We propose that sparse recurrent synaptic connections among nearby CA1 pyramidal cells, coupled with enhanced ephaptic interactions, would allow an action potential initiated in one or a few cells to trigger localized synchronous excitatory activity in a small core of cells. First of all, there is increased neuronal excitability in the condition of reduced ECS volume; that is, the reduced ECS volume has a concentrating effect on K + released from active neurons, making it more likely for an excitatory postsynaptic potential to cause an action potential or burst of action potentials in the postsynaptic cell (see above). Secondly, the significantly reduced ECS volume in the pyramidal cell layer of CA1, by making cells closer together and by increasing extracellular resistivity, will clearly encourage current leaving one cell to pass across the cell membrane of neighboring cells to cause a depolarization, allowing the synchronized depolarization of the small core of cells and enabling the spread to a larger population, creating interictal epileptic activity. This epileptic activity will further increase ] o will both enhance the persistent Na + current, providing a sustained active depolarization of the neurons, which together with the enhanced ephaptic interactions will promote the generation of ictal activity. Figure 5B illustrates the recruitment of a formerly inactive pyramidal cell into an ictal-like event in a brain slice from a Has3 KO mouse.
We would be remiss if we did not acknowledge that reduced HA will have effects other than just a reduction in ECS volume. Many of these effects were discussed already above (see Function of HA in the CNS), and some may alter the tendency of the brain to produce epileptiform activity. For example, an increased migration of AMPA receptors in the cell membrane was associated with reduced paired pulse depression (Frischknecht et al., 2009) . Vedunova et al. (2013) , using cultured neurons, saw increased Ca 2+ currents and increased network burst-firing after hyaluronidase treatment; however, as already discussed, hyaluronidase has been reported to reduce the activation of voltage-gated L-type calcium channels and reduce LTP in brain slices (Kochlamazashvili et al., 2010) . A third proposed mechanism by which reduced HA may promote epileptiform activity is via the disruption of PNNs. Theoretically, these PNNs, which form around interneurons in neocortex and hippocampus (Celio, 1993; Celio and Chiquet-Ehrismann, 1993) , could be needed for the proper function of the inhibitory interneuron network, and their disruption could lead to epilepsy . Our work in the Has3 KO mouse model, however, indicated no disruption of the PNNs in that model despite the epileptic phenotype. Although it is true that reduced HA might affect synaptic efficacy, the primary mechanism by which reduced HA causes epilepsy seems to be via a reduction in ECS volume.
Could treatment of epilepsy be as simple as just manipulating osmolarity?
Given the importance of reduced ECS volume in promoting seizures, could we stop a seizure by delivering hyperosmotic solution to the seizing patient to pull water from brain cells and increase ECS volume fraction in the brain? Unlike the experimental situation of the brain slice, wherein the application of hyperosmolar solution shrinks cells and increases ECS volume, we have to consider the blood-brain barrier (BBB) when we are talking about patients. The BBB consists of a tight capillary endothelium surrounded by astrocyte endfeet (Nagelhus and Ottersen, 2013) . In many ways, the BBB has permeability characteristics more like that of a cell membrane than like that of a typical systemic capillary. Salts do not normally cross the BBB on an acute time-scale. In contrast, the BBB is permeable to water (Jung et al., 1994; Nielsen et al., 1997) . Raising plasma osmolarity by intravenous administration of hypertonic saline or mannitol pulls water out of the brain across the BBB down its osmotic gradient within a matter of minutes (Shawkat et al., 2012) , which causes the brain to shrink. However, unlike the case for the brain slice, when the brain shrinks after an intravenous administration of hyperosmolar solution, we expect water to be lost both from cells and from the ECS. If the permeability of neuronal and glial cell membranes to water were high, then on an acute time-scale, water would be lost from the brain in such a way as to maintain an equal osmolarity inside and outside cells with no change in α. One may predict, however, that the drop in cellular volume may lag behind the drop in ECS volume due to low permeability of neuronal cell membranes to water, which would mean that α would actually first decrease upon the intravenous administration of hyperosmolar solution, which is opposite of the desired effect.
Despite the arguments presented above, mannitol has shown efficacy as an anticonvulsant in vivo (Baran et al., 1987; Haglund and Hochman, 2005) , but in these cases the action of mannitol was not via an increase in α. In the first case (Baran et al., 1987) , mannitol likely worked because it shrank a swollen brain that was pressing against the skull, and in the second case (Haglund and Hochman, 2005) , resistance measurements indicated no correlation between brain ECS resistance and suppression of epileptic activity after the intravenous administration of mannitol.
Instead of initiating an acute change in body fluid osmolarity in an attempt to stop a seizure, what about maintaining a chronic condition of increased body fluid osmolarity as a preventive measure? Unfortunately for the epileptic patient, chronic hyperosmolarity would not cause shrinkage of brain cells with an accompanying increase in ECS volume. Instead, brain tissue actually accumulates electrolytes and organic solutes over time so that the brain and the brain cells maintain their original volume despite the chronic hyperosmolarity (Strange, 1992; Verbalis, 2010) . Alternatively, if we could manipulate HA levels in vivo, we might be able to increase the brain ECS volume fraction.
HA as a possible therapy in epilepsy prevention or suppression
In discussing possible HA-related therapy, there are three issues to consider: (1) congenital deficiency in brain HA, (2) the suppression of epileptic activity via an increase in HA, and (3) the manipulation of HA levels to prevent epileptogenesis after an insult to the brain.
HA and congenital epilepsy
The fraction of human epilepsy cases that are inherited is thought to be 'tiny' (McNamara et al., 2006) . The known inherited mutations in humans with epilepsy involve voltage-gated or ligand-gated ion channels (McNamara et al., 2006; Villa and Combi, 2016) , but it is possible that some small number of inherited cases could be HA related. The majority of epilepsy cases in humans are classified as idiopathic (Herman, 2002) . It is possible that some portion of these cases might be due to a sporadic mutation in one of the HAS or hyaluronidases, in one of the enzymes that provide the building blocks for HA, or in one of the other proteins involved in the regulation of HA synthesis or degradation, causing a deficiency of HA in the brain. In the future, targeted replacement of HA might be beneficial in epilepsy patients with congenital HA deficiency. Interestingly, the application of exogenous HA has been shown to reverse the effects caused by hyaluronidase in an in vitro preparation (Kochlamazashvili et al., 2010) and to rescue cardiac morphogenesis in explants from Has2 −/− mouse embryos (Camenisch et al., 2001 ).
Manipulation of HA levels as a potential anticonvulsant therapy
There are many patients with temporal lobe epilepsy who continue to have frequent seizures despite having tried currently available anticonvulsants (Schmidt and Löscher, 2005) . The fact that increasing ECS volume reduces epileptiform activity in many different in vitro models of epilepsy (see above), not just in Has3 KO mice, suggests that an increase in brain HA might be beneficial in epilepsy patients even if the initiating cause of the epilepsy was not a deficiency of HA. There are reasons to believe that increasing the amount of brain HA would increase brain ECS volume. First, the KO of Has3 decreased brain HA and decreased brain ECS volume (Arranz et al., 2014) . Second, HA has a remarkable hydration capacity, a feature that is, for example, being exploited in dermatologic applications (Pavicic et al., 2011) . Although a direct application of HA to the brains of epilepsy patients may not be feasible, we could potentially manipulate the balance between endogenous production and degradation of HA. The two obvious ways to regulate the amount of hyaluronic acid are via the regulation of HA synthesis (Tammi et al., 2011; Vigetti et al., 2014) or via the regulation of hyaluronidase activity (Sherman et al., 2015) .
The synthesis of HA can be enhanced by increasing the supply of the building blocks of HA, the disaccharides GlcUA and GlcNAc (Vigetti et al., 2006 (Vigetti et al., , 2012 . One way to increase the availability of these disaccharides is by increasing the supply of glucose and glucosamine to the cell cytosol, particularly if their levels are low (Jokela et al., 2008; Vigetti et al., 2012) . Another way, which has been demonstrated in Xenopus, is via the overexpression of UDP-glucose dehydrogenase, which increases the amount of GlcUA and in turn the amount of HA produced (Vigetti et al., 2006) . Not only does increased GlcNAc increase HA levels by functioning as a building block, but it can also increase HA levels by increasing the half-life of HAS: increased levels of GlcNAc will cause O-GlcNAcylation of serine 221 in the cytoplasmic loop of the HAS, which stabilizes the enzyme in the membrane (Vigetti et al., 2012) . In the case of HAS2 in smooth muscle, which normally has a very short half-life, the half-life is increased from about 17 min to 5 h, which results in increased levels of the synthase and increased HA synthesis (Vigetti et al., 2012) .
Regulatory mechanisms increasing HA synthesis, other than those mediated by GlcUA and GlcNAc, have also been reported. For example, the rate of transcription of HAS can be affected by alterations in the binding of various transcription factors to the promoter region of the HAS DNA (Tammi et al., 2011) . In addition, posttranslational modifications may also affect the activity of HAS (Tammi et al., 2011) . For example, alkaline phosphatase has been shown to increase HAS activity (Vigetti et al., 2009) .
The activity of hyaluronidase could also potentially be altered. Inhibition of hyaluronidase would be expected to increase the level of high-molecular-weight HA. In vitro studies have successfully used the hyaluronidase inhibitor ascorbate 6-hexadecanoate, or 6-O-palmitoyl-L-ascorbic acid, to reduce the digestion products of hyaluronidase and promote remyelination in a model of a demyelinating lesion (Sloane et al., 2010; Preston et al., 2013) . Polystyrene-4-sulfonate, which inhibits hyaluronidase via both competitive and noncompetitive mechanisms (Isoyama et al., 2006) , has been used to suppress astrocyte proliferation and inhibit glioma growth in vitro (Daginakatte and Gutmann, 2007) . Sulfated HA, which also acts via both competitive and noncompetitive mechanisms (Isoyama et al., 2006) , has been successfully used as a hyaluronidase inhibitor both in vitro and in vivo (Benitez et al., 2011) . For example, the intraperitoneal injection of sulfated HA was used to successfully inhibit tumor growth in mice (Benitez et al., 2011) . Dityatev (2010) proposed to use inhibitors of HAS to prevent epileptogenesis, with the idea being that HA encourages the sprouting of axons and the creation of abnormal connections among neurons (Bausch, 2006) . Based on our investigations of Has3 KO mice (Arranz et al., 2014) , we propose the opposite, that is, to increase the synthesis of HA or to inhibit its degradation in order to inhibit epileptogenesis. Epileptogenesis is the process by which normal brain tissue is changed to become epileptic, that is, to spontaneously produce epileptic activity. Brain insults such as stroke, head trauma, and CNS infection can be the trigger for epileptogenesis (Herman, 2002) . In humans, there is a latent period of weeks to months or even several years between the initial insult and the onset of spontaneous recurrent seizures (Herman, 2002) . There is hope that a treatment will be developed that can be administered during the latent period which would stop the process of epileptogenesis and prevent the onset of spontaneous seizures. In analyzing results that suggest that HA may be epileptogenic or antiepileptogenic, it is worth pointing out that the scientific community is lately becoming increasingly aware that both high-and low-molecular-weight HA have biological effects, that those effects are often not the same, and that some studies measuring changes in HA content have not differentiated between HA of different sizes (Cowman et al., 2015; Sherman et al., 2015) .
HA and epileptogenesis
Our finding in the Has3 KO mouse suggests that the lack of HA leads to epileptogenesis. Might a reduction in the production of HA and/or an increase in the breakdown of HA be epileptogenic in the mature brain? We know that an initiating insult such as an episode of status epilepticus, ischemia, or mechanical trauma can set off the process of epileptogenesis. In many cases of brain insult, it seems that there is first a reduction and then an increase in high-molecular-weight HA (Sherman et al., 2015) . Data indicate that the initial decrease in highmolecular-weight HA may be due to either an increase in HA breakdown or a decrease in HA synthesis or to both. For example, it has been shown that status epilepticus in rats causes a decrease in high-molecular-weight HA and a decrease in HAS3 . Ischemic stroke in humans or middle cerebral artery occlusion in rats is associated with elevated hyaluronidase activity and increases in HA breakdown products (Al'Qteishat et al., 2006a,b) .
It has also been shown that an acute CNS injury leads to the generation of reactive oxygen species (Gilgun-Sherki et al., 2002) , which cause HA degradation (Bates et al., 1984) . Furthermore, it has been shown that low energy levels in the cell, which might occur due to status epilepticus or ischemic stroke, can lead to the activation of AMP-activated protein kinase (AMPK), which is activated by an increase in the AMP:ATP ratio (Towler and Hardie, 2007) . Activated AMPK phosphorylates threonine 110 on the cytoplasmic loop of HAS, causing a dramatic inhibition of HAS activity (Vigetti et al., 2014) . Sherman et al. (2015) suggested that the initial decrease in high-molecular-weight HA that occurs after various CNS injuries may be the key step that should be targeted to promote a better outcome. Following that reasoning and considering the data presented above, we suggest that inhibitors of hyaluronidases, perhaps combined with stimulators of HAS, might prevent epileptogenesis if administered during the latent period.
Conclusions
HA has a remarkable hydration capacity and thus maintains ECS volume. Mice deficient in HA in the hippocampus have reduced ECS volume and an epileptic phenotype. Causing an increase in ECS volume is anticonvulsant in many different in vitro models of epilepsy, including brain slices from Has3 KO mice. An increase in ECS volume is antiepileptic because it reduces ephaptic interactions and activity-related increases in [K + ] o . Promoting an increase in high-molecular-weight HA in the brain offers hope as a future anticonvulsant therapy, and prevention of the initial drop in high-molecular-weight HA that occurs after brain insults may inhibit epileptogenesis.
